The feasibility of a catalytic reactor made of mixed ionic-electronic conducting (MIEC) ceramic membrane as a significant option to enhance the production of pure H2 from biomass gasification is established. Thin film SrCe0.7Zr0.2Eu0.1O3-δ (SCZE) membranes supported by a NiO-SrCe0.8Zr0.2O3-δ (NiO-SCZ) tubular structure were developed and tested in simulated high-temperature steam gasification conditions. The main advantage of this membrane reactor design is that it acts as a water gas shift (WGS) reactor for more hydrogen production and simultaneously separates H2 brought in by the feed gas stream and that produced in the membrane. The current process avoids the need for a two-stage reactor setup requiring WGS and H2 separation independently. The possibility of sequestering the isolated pure CO2 stream is also a plus to this membrane reactor. This paper showcases the experimental analysis of a MIEC ceramic membrane reactor, tested at high temperatures typically found in biomass high-temperature steam gasification systems. Syngas produced from high-temperature gasification of biomass is a complex mixture of hydrocarbons and steam. The current experiments conducted using the tubular SCZE membranes exposed to [CO] and [H2O] vapor at 900°C and 1 atm. showed the feasibility of carrying out WGS reaction and separating hydrogen thus produced in a single pass at gasifier exit conditions .The process described in this paper has not been reported previously in the literature. The results show that SCZE membranes can consistently separate the hydrogen produced by maintaining the integrity of the membrane structure at high temperatures. The overall reactor system efficiency was estimated to be close to 40%.
INTRODUCTION
In recent years, the concept of "hydrogen economy" has received extensive attention due to adverse effects of oil resources on our environment and financial strains on economies which rely heavily on oil imports. As a result, research efforts have focused on finding efficient and cost effective hydrogen production technologies that have minimal impact on the environment. These methods include coal and biomass gasification, steam reforming of methane, electrolysis and solar thermal-chemical cycles [1] [2] [3] [4] [5] [6] . In a gasification system, by adding excess steam or using the steam already present in syngas, a special water-gas shift (WGS) membrane reactor [7] can be integrated for the post processing of syngas. The content of typical raw syngas derived from coal gasification is roughly 70% CO on a molar basis [8] .
Dense ceramic membranes show promise in applications related to high-temperature gasification due to their high selectivity and superior stability at those temperatures. The hydrogen permeation is mainly realized by the ambipolar transport of protons and electrons across the membrane. The electron conduction can also be increased by doping appropriate metal element to the perovskite mixture. A comprehensive review on the hydrogen separation membranes has been provided by Kluiters [9] . Kreuer [10] compared the proton conductivity of various oxides and it is evident that perovskites oxides have the highest proton conductivities. The skewed structure of SrCeO 3, discussed in this work, inhibits oxygen ion transportation and results in a high proton transference number and serves as a better material to be used for membrane preparation [11, 12] . Reports show that BaCeO 3 goes through phase change at relatively low temperature whereas SrCeO 3 is very stable even at high temperatures up to 1000°C [13, 14] .
Extensive efforts have been made to increase the conductivity and stability of SrCeO 3 . Song, et al. [15] conducted a study on Eu doped SrCeO 3 , Tb doped SrCeO 3 , and Yb doped SrCeO 3 in air. The total conductivity of Eu doped SrCeO 3 is very high in air, which is attributed to the electrical properties of Eu doped SrCeO 3 .In an experimental study carried out by Oh, et al. [16] , it was shown that SrEu 0.1 Ce 0.9 O 3-δ (10ESC) is a suitable candidate for hydrogen permeation membrane, also, ambipolar conductivity and conductivities of electrons and protons all increase with temperature in humidified and dry hydrogen. Moreover, it has been demonstrated that when the membrane is exposed to syngas, because of simultaneous hydrogen removal (permeation through membrane) and production (due to WGS reaction), the rate of hydrogen production increased with the temperature, which is a contradicting phenomenon from the perspective of thermodynamics. To further increase the thermodynamic stability of 10ESC, Zirconium was added to develop SrCe 0.8-x Z 0.2 Eu x O 3-δ (SCEZ) [17] . Li et al. [18, 19] Some work on application of SCZE721 to gas shift reaction has been reported in the literature. However, most of the work was performed in simplified conditions. Li [20] conducted experiments to study hydrogen flux permeations using only CO and steam at room temperature. Since, syngas is a complex mixture of hydro carbons, with much higher concentration of steam, it is essential to design new experiments using simulated syngas supply by adjusting the water vapour content in feed gas stream to match concentrations close to exit syngas composition at high temperatures. This approach will be discussed in this work and has not been reported in literature. In addition, the efficiency of the WGS reactor is barely discussed in literature, which is the focus of this work. The main objective of the paper is to be the first to demonstrate the feasibility of using a high temperature ceramic membrane reactor for simultaneous in-situ production and separation of hydrogen using a gas mixture (Ar+CO+water vapor) as the input reactant stream to the membrane reactor. This gas mixture is designed to simulate the synthesis gas (syngas) generated from a high-temperature steam gasifier using woody biomass and municipal solid waste as the feedstock. Ar is just used as a balance gas and does not represent the gasifier output composition.
In the same area of proton-conducting dense ceramic membranes, Chen et al. [21] developed Mosubstituted lanthanum tungstate mixed proton-electron conductor, La 5.5 W 0.6 Mo 0.4 O 11.25-! (LWM04). They used dense U-shaped LWM04 hollow-fiber membranes successfully for the separation of hydrogen in the presence of CO 2 . The maximum hydrogen permeation flux was found at 1.36 mL/min/cm 2 with the LWM04 maintaining stability in a CO 2 -containing atmosphere.
Recently ceramic-carbonate dual phase dense membranes have been introduced as a new group of inorganic membranes with a good selectivity to CO 2 at high temperatures. Dong et al. [22] and Dong and Lin [23] reported using catalyst-free samarium-doped ceria (SDC)-carbonate dual phase membrane tubular membrane reactor to shift CO from the hot gasifier syngas to H 2 and CO 2 with simultaneous separation of CO 2 . Their results show that the catalytic-free membrane reactor can convert CO to H 2 and CO 2 with the removal of CO 2 at temperatures above 800 o C Palladium-based catalytic membrane technology has been widely used for hydrogen separation and production. Saeidi et al. [24] gave a detailed review on the high permeability, selectivity for hydrogen, and good surface properties for palladium-based catalytic membranes. They also reviewed the kinetic expressions for the water-gas-shift (WGS) reactions and WGS combined with Fischer-Tropsch synthesis (WGS-FTS) reactions with the palladium-based membrane applications.
MATERIALS PREPARATION AND EXPERIMEN-TAL METHODS

Fabrication of Support Tube and Thin Film Membrane
The membrane tube is composed of two parts, a support structure and a thin-film membrane coated on the inside of the tubular support structure. This long tubular reactor once fabricated is open ended on one side and completely sealed on the other end. Traditional solid-state reaction method was used to prepare the polycrystalline NiO-SCZ82 (NiOSrCe 0.8 Zr 0.2 O 3-δ ) and SCZE721 (SrCe 0. 7Zr 0.2 Eu 0.1 O 3-δ ) as the support tube and thin-film membrane, respectively. For the support tube, NiO was added in SrCe 0.8 Zr 0.2 O 3-δ partly for enhancing the mechanical integrity of the tube structure. During heat treatment NiO reduces to Ni that leaves the support tube to become porous. The porous support structure actually serves a crucial role for providing the interstitial surface area for (H 2 O+CO) gases present in the input stream to undergo water gas shift (WGS) reaction and also the Ni that remains in the support tube structure acts as WGS reaction catalyst. It is noted that when the support tube becomes porous as mentioned above, all gases can go through the support layer such that there would not be any selectivity to separate hydrogen. In other words, only the membrane coating can selectively let the hydrogen go through. The whole idea in this paper is to produce more hydrogen using the support structure and separate hydrogen by the membrane reactor in one step by using the syngas generated from steam gasification of renewable biomass resources. The membrane coating is what makes the reactor selective to hydrogen only. Detailed information on fabrication of tubular support and thin film membrane has been reported in other references [8, 17, 18] .
The average thickness of the membrane coated on the tube was of the order of 30 microns. Figure 1 shows the different cross sectional views of the sintered tubes viewed under SEM. SEM was used to inspect the cross sections of the coated tubes for verifying the thickness of membrane. The effect of coefficient of thermal expansion (CTE) on similar systems has been investigated by Yoon et al. [25] . It is reported that the pre-and final sintering temperatures were adjusted to match the shrinkage rates between the thin film and the support. de Souza et al. [26] also has reported on minimizing the stress built up in the thin film during sintering. The membrane was cosintered with a pre-sintered support to achieve a dense membrane. Prior to testing, all the tubes fabricated were pressurized using H 2 through the open end with an 'O'-Ring connector and were immersed in a water column. Tubes are observed for any bubbles from the tube surface, which would indicate that the tube has been compromised prior to testing because of pinholes/cracks during the fabrication process.
Experimental Setup and Procedure
The schematic of the experimental system is given in Figure 2 . The membrane reactor is the heart of the system and it is fed by simulated syngas consisting CO and Ar gases bubbled through a water column set at a specific temperature. The bubbling process enriches the CO and Ar stream with water vapor. The permeate line and effluent line transport the separated hydrogen gas and the rest of the product gases out the reactor, respectively. The ceramic membrane reactor, also shown in Figure 2 , was designed to simulate the gas species composition at the exit of a high-temperature biomass steam gasifier. The flow path of the feed and sweep gases are also shown.
The entire setup was placed inside a glass hood with an exhaust vent on the top. The other components include the mass spectrometer (MS) connected to the permeate line and the ultra-high purity (UHP) grade cylinders of CO, Ar, and He gas components.
EXTREL MAX-300 LG mass spectrometer was used for the analysis of gas stream from the permeate side of the membrane reactor. The membrane reactor was heat treated overnight to reduce the nickel oxide, so that the support tube became porous. This was done by heating the membrane tubes inside the furnace at 900 °C and simultaneously H 2 +Ar bubbled through temperature controlled water was flown on the feed side of the tube, whereas helium was flown inside the tube as sweep gas.
During the reduction process, the permeate side is monitored by the mass spectrometer. Initially the mass spectrometer will register only He peaks because of the oxidized surface that has no porosity yet. As time progresses, hydrogen peak starts showing up on the permeate side, indicating that the support surface is reduced and hydrogen is permeating through the dense membrane. This also serves as a second step to check the integrity of the membrane. If there are Ar peaks along with the peaks of H 2 and He on the permeate side then this the indication that there is a significant crack or pin holes in the membrane tube and the tube is deemed not suited for further testing. Figure 3 shows the reduced tube surface which changed color as compared to the sintered tube, which is green. After the heat treatment, the tube is exposed to a mixture of CO and water vapor on the feed side along with argon that is used as the balance gas.
The concentration of water vapor in syngas produced from high-temperature steam gasification of biomass is typically much higher than 3%, so feed gases cannot be simply bubbled through water column at room temperature in order to achieve higher concentrations. This requires heating up the water column as per the Antoine equation to provide an adequate moisture content to the feed stream. In the current experiment, the water vapor concentration present in the feed gas at a specific temperature is listed in Table 1 . Syngas indicated in Figure 2 is the feed gas which is composed of 5 sccm of CO balanced by 15 sccm of Ar bubbled through a heated water column to achieve desired H 2 O vapor concentration, while the sweep gas on the permeate side is 20 sccm of He. Retentate will be CO 2 from WGS along with the feed gas species that are not consumed in the WGS reaction and the H 2 that does not permeate through the membrane due to limitations to membrane reactor efficiency. Membrane reactor is housed inside a cylindrical furnace heater and the reactions take place at 900 o C and 1 atm. A thermocouple is sealed inside the reactor, with the tip placed near the closed end of the membrane tube to have an accurate measurement of the reactor temperature. A K-type thermocouple was used for the membrane reactor temperature measurement with an uncertainty of ±0.75% ! T where T = Membrane reactor core temperature. The bubbler temperature was measured by a J-type thermocouple with an uncertainty of ±2.2 o C .
RESULTS
The experimental result clearly shows that there is a definite production of hydrogen that is found in the permeate stream from the WGS reaction since there is no hydrogen allocated in the feed stream and the hydrogen recorded in permeate stream could only come from the WGS reaction occurring on tube surface and then permeating through the thin film membrane. Antoine equation provides the concentration of water vapor available for the WGS reaction depending on the temperature of bubbler water. The amount of H 2 produced is dependent on the number of moles of CO and H 2 O available, based on the supply side CO concentration and bubbler temperature, respectively. Ideally the hydrogen from the feed side permeates through the membrane to the inside of the tube due to a concentration gradient across the membrane and gets collected by the sweep gas via in-situ removal. This also maintains the potential gradient across the membrane. But in experimental conditions there would be some fraction of the total hydrogen produced from the WGS that does not permeate even with the in-situ removal using a sweep gas. During the experimental runs, hydrogen volume fraction on the permeate side was measured by the mass spectrometer for different bubbler temperatures. The volume fraction of hydrogen present in the effluent stream was not measured due to lack of second mass spectrometer. Thus the experimental H 2 vol % data recorded and listed in Table 1 is not the total H 2 produced from the WGS reaction but only the fraction of H 2 that was generated on the surface of the membrane tube through WGS and then permeated through the membrane. Using this measured H 2 volume fraction values and the knowledge of the Antoine equation to predict the concentration of water vapor available for WGS, a simple analysis was performed to arrive at the experimental data as shown in Figure 4 . The amount of hydrogen that was collected on the permeate side was due to the following two occurrences. The first is the WGS reaction on the tube outer surface which generates H 2 and CO 2 and the second is the membrane filtration that separates the H 2 from CO 2 and other species in the feed stream. As a result, the two main varying factors that control the hydrogen volume fraction on the permeate side are the efficiency of the WGS conversion reaction, ! WGS and the efficiency of the hydrogen permeation, ! membrane through the membrane after WGS takes place. The overall efficiency, which is dependent on the combined effectiveness of the membrane permeance and WGS reaction, is therefore the product of the two, ! overall = ! WGS " ! membrane . Different cases of assumed WGS conversion efficiency and membrane permeation efficiency were plotted as a function of the bubbler temperature that indicates the water vapor amount on the feed side. Further, the CO conversion, that is traditionally defined as the ratio of CO 2 mass flow rate to that of CO was estimated based on the available CO and H 2 in the feed gas stream and in the permeated stream, respectively, is shown in Figure 4 . Since there is no second spectrometer available to measure the effluent side gas composition simultaneously, the CO conversion cannot be calculated using standard methods. In the current case, the CO conversion is determined using the ratio of H 2 concentration in the permeate stream to the H 2 O vapor concentration in the feed (maximum [CO] concentration that can undergo WGS). This is because that the percentage of CO 2 would be equivalent to the amount of H 2 present in the permeate stream based on the WGS reaction on the feed side. In all the cases presented, as expected, the hydrogen volume concentration on the permeate side increases with the bubbler temperature (water vapor concentration) up to 45 °C and then it drops at the highest bubbler temperature of 55 o C. The CO conversion percentage remains between 33% and 41%.
DISCUSSION AND CONCLUSION
To further understand the overall performance of the membrane reactor, the measured data was compared with several cases of a parametric analysis with varying WGS conversion efficiency and H 2 permeation efficiency. Figure 5 shows the experimental data measured using the mass spectrometer by analyzing the permeate stream from the membrane reactor plotted against varying permeation efficiencies assumed, which were the maximum possible concentration of hydrogen that could be collected on the permeate side at that particular temperature with 100% WGS conversion efficiency depending on the permeation efficiency. In this case the data falls in the range of 40% permeation and it dropped off at 55°C because of the tube failure and membrane degradation. Similarly the same data was plotted for 80%, 60%, 40% of assumed WGS conversion backdrops and the results are shown in Figures 6, 7 , and 8 respectively. In all the four plots the following nomenclature is used to identify each curve. P1 = 100% permeation + 0% Figure 6 shows the competing effects of the permeation efficiency and the WGS conversion efficiency based on the assumptions. As the WGS reaction conversion is reduced in any reactor setup, the permeation factor has to go up to account for the loss of conversion and maintain performance. Here the same data shifted towards a higher permeation factor line, which is above P0.4 and below P0.6, when compared to the 100% WGS reaction conversion efficiency plot. The same scenario could be seen in Figure 7 where the shift towards higher permeation factor lines occurs and in this case with a 60% WGS conversion efficiency, the data has shifted close to the P0.6 line to compromise for the loss in the conversion efficiency. Figure 8 , indicates that this case is highly unlikely in experimental conditions. Because in this case when the WGS efficiency is assumed to drop to 40% the data shifts towards the maximum possible permeation factor which is the complete permeation of all the hydrogen produced from WGS on the feed side to the permeate side without any hydrogen left in the effluent side. Even though the perovskites have high selectivity for hydrogen, still this would be very difficult to achieve considering there is also reduction in the surface area available for the WGS reaction as time progresses. In conclusion, the thin film SrCe 0.7 Zr 0.2 Eu 0.1 O 3-δ (SCZE) membranes supported by NiO-SrCe 0.8 Zr 0.2 O 3-δ tubular structure were synthesized, fabricated and tested successfully at typical high temperature steam gasification conditions which highlights the potential of this membrane reactor. This paper also demonstrates the feasibility of simultaneous production and separation of hydrogen in a single reactor at the high temperature of 900 o C and with H 2 O vapor vol% at 15%. Furthermore, the membrane reactor efficiency is estimated to be at 40%, which shows the applicability of these membrane reactors for engineering applications. As shown in Figure 9 carbon deposition/ coking occurs in the part of the tube that is outside the heating coils and is at relatively lower temperatures compared to the reduced surface inside the furnace coils. This results in reducing the surface area available for the WGS reaction as the experiment progresses. Also, there is a temperature gradient along the length of the membrane tube as the entire tube is not exposed to 900 o C due to material limitations of the seals used. This could also be contributing to the structural failure of the tube as seen. So, further studies should be made to optimize the reactor housing so that there is a uniform temperature distribution across the membrane tube without any cold zones and to analyze how much of an impact the increase in surface area makes to the overall H 2 production along with increasing vol% of H 2 O vapor in the feed stream to levels greater than the 15%.
